This study deals with the management of water quality in a tidal river through optimal releases of water from an upstream environmental reservoir. A management model is proposed based on the simulation-optimization framework, in which a complete hydrodynamic model for transport of BOD and DO in a tidal river is linked to Simulated Annealing (SA) algorithm for optimization. The proposed management model is used to investigate the effect of tidal variation on the constant minimum in stream discharge that is required to maintain the water quality, for a given pollutant loading. It is demonstrated how the total upstream release volume can be minimized, while still maintaining the desired water quality, by resorting to an optimum temporal variation in releases from the upstream environmental reservoir. The performance of the methodology is evaluated for an illustrative river. The proposed model will be helpful in arriving at best water release policy for maintaining water quality in tidal rivers for given tidal variation and pollutant loading.
Introduction
Although the global water crisis tends to be viewed as a water quantity problem, water quality is increasingly being acknowledged as a central factor in the water crisis. Even though not all countries are facing a crisis of water shortage, all have, to a greater or lesser extent, serious problems associated with degraded water quality [1] . In this context, management of water quality along a river system becomes very important. This involves maintenance of acceptable level of water quality for an intended purpose by means of monitoring, assessing, identifying the possible sources of pollution and controlling them accordingly, and diluting by means of upstream releases. In the process of determining the level of problem and devising optimal management strategies, a river water quality model is often employed as a supporting tool in the assessment of aquatic environment. Many efforts have been devoted in the past to the development of water quality management strategies to ensure supply of water with targeted quality [2] . The water quality responses in these management strategies are quantified in terms of the Dissolved Oxygen (DO). Many water quality management models use Streeter-Phelps (S-P) equation for determining the DO in a stream. The Enhanced Stream Water Quality Model (QUAL2E) [3] has been the widely used one for the water quality simulation model. However these models are limited to a non transient flow conditions that is, it assumes the river flows are steady and quasi-uniform. Management models based on either the S-P equation or the QUAL2E model for simulation of river water quality response have a major limitation in not being applicable to situations where either non-uniform or unsteady flow conditions are significant. Recently, Yandamuri et al. [4] demonstrated the effect of non-uniform flow on optimal waste load allocation decisions in rivers within the framework of a cost-equity based management model. In their study, the flow conditions were non-uniform, but steady.
Although many mathematical models are available for simulation of water quality in river under dynamic conditions, only a few water quality management models have included hydrodynamics within their algorithm structure and can handle transient conditions. Such models are required for managing water quality in a river by dilution using up stream releases from an environmental reservoir or in tidal rivers. Recently, Dhar and Datta [5] developed a management model, where optimal releases from a reservoir were used for controlling the water quality in the downstream river segment. They linked the completenormalized squared deviation of actual storage from specified target storage at the end of each management period, subject to the constraint of maintaining water quality standards at downstream control points. The river in their example problem was a non-tidal river, and the target pollutant was nitrate plus nitrite (as N).
In many island countries, countries with limited territory, and in coastal areas, rivers are generally not long, and tidal variations may significantly affect the river water quality. Although several optimization models have been developed and applied for water quality management in the non-tidal rivers, only a few studies have focused on optimal management of water quality in tidal rivers [6] . The use of cyclic discharge of BOD in to a tidal segment and several discharge policies under various tidal cycles that takes advantage of the short time periodic tidal nature of the river in utilizing the capacity of the river to assimilate BOD loading. It was demonstrated that the augmentation of river flow has as much effect on raising DO level as the reduction of point source loadings. Fan et al. [7] assessed the impact of tidal effects on the water quality simulation, and found that usage of the common water quality simulation models without appropriate consideration of the tidal boundary condition may result in a significant discrepancy between the observed and simulated values. All the earlier studies on tidal rivers have highlighted the importance of discharge policy and upstream releases on the water quality, and suggested methods for maintaining the water quality. However, they did not employ any formal optimization technique to arrive at cost effective and efficient management strategies for maintaining water quality.
In this study, maintenance of water quality in a tidal river by optimal releases of water from an upstream environmental reservoir is investigated. A management model, which utilizes a formal optimization technique, is proposed to investigate the effect of tidal variation on the constant minimum in stream discharge that is required to maintain the water quality, for a given pollutant loading. It is also demonstrated how the proposed model can be used to arrive at an optimum temporal variation in releases from an upstream environmental reservoir to maintain the desired water quality. The proposed management model is based on a simulation-optimization framework, where in a complete hydrodynamic model for transport of BOD and DO in a tidal river is linked to Simulated Annealing (SA) algorithm for optimization. It may be noted that although SA has been successfully employed as an optimization tool in several other areas of hydraulic engineering from the earliest [8] to recent work of [9] so far it has had limited application in river water quality management. The performance of the methodology is evaluated for Adyar River in Chennai. The proposed model will be helpful in arriving at best management option for maintaining water quality in tidal rivers for given tidal variation, pollutant loading and water availability in an upstream reservoir.
Water Quality Management Model
In this study, a simulation-optimization framework is used to develop the water quality management model. The water quality simulation model is used to determine the spatial and temporal variation in biochemical oxygen demand (BOD) and DO concentrations, for specified inflow (either constant or time varying) at the upstream end, temporal variation of tidal levels at downstream end, waste loading, and channel characteristics. The Simulated Annealing (SA) algorithm is used for obtaining the optimal solutions for reservoir releases.
Water Quality Simulation Model
The water quality responses to different external interactions and processes in the water environment (i.e. pollutant loading and decay and transport in the river) are simulated using the water quality model. This model consists of two sub-modules: 1) flow module and 2) transport module.
Flow Module
The basic governing equations for river flow considered in the flow module are the St. Venant equations, which represent the conservation of mass and momentum [10] . In this work, long and narrow channels, with possibility of off-channel storage, are considered. These equations, for a one-dimensional flow [11] modified for the effect of the dead storage area are given as:
where, Q = main stream flow rate (m 3 /s), A = main stream cross sectional area (m 2 ), Q t = tributary flow in to the main river (m 3 /s), q l = lateral flow in to the river along the river stretch (m 3 /s/m), β = momentum correction factor, S ec = the energy loss due to channel cross sectional shape change (either expansion/constriction), g = gravitational acceleration (m/s 2 ), S f = friction slope, Z s = the water surface elevation above a given datum (m), and A s = the transient storage area in the river banks or dead ends (m 2 ) which contributes only to storage and not to movement of water. A s is given as a function of the main channel cross sectional area:
where, r = the ratio of dead storage area to main channel 
where, R = hydraulic radius, and n = Manning roughness coefficient. It may be noted here that the effect of salinity gradient on the flow is considered to be insignificant in the present work. However, inclusion of the term for salinity effect in momentum equation is not difficult [11] .
Equations (1) and (2) are solved numerically for specified initial and boundary conditions. The upstream boundary is the specified inflow hydrograph, while the downstream boundary condition is the specified temporal variation in the water level due to tide. Temporal variation of lateral inflow and tributary inflow is also specified. Arbitrary initial conditions are specified first, and the governing equations are solved for a constant inflow rate at upstream end and corrected for tidal boundary at the downstream end, for a minimum number of tidal cycles (three cycles in the present study). The flow conditions would become steady oscillatory by the end of this time period, and these flow conditions are taken as the initial conditions for further simulations. In this work, flow equations are solved by the classical Preissmann implicit scheme [10] . Inputs to the flow simulation model are: 1) the geometric characteristics of the river cross sections; 2) the bed profile of the river; 3) the Manning roughness coefficient; 4) inflow hydrographs for the main river and the tributaries and 5) tidal levels at the downstream end. For the above input, the flow module simulates temporal and spatial variation in flow area and mean velocity.
Transport Module
This module uses the temporally and spatially varying flow area and flow rate obtained from the flow module for solving the transport equations for BOD and DO. The transport model adapted in the present work considers the exchange of solute (i.e. BOD and DO) between the dead storage zone and the main stream flow zone using decoupled main channel and dead zone transport equations [12] . It is assumed in this study that there is complete mixing in both vertical and transverse directions. This assumption is valid when the flow depth is shallow and the variation of velocity in the vertical direction is not very significant [13] . One-dimensional transport equations for BOD in the main stream and dead storage zone are given by:
The transport equations for DO in the main stream and dead storage zone are given by:
where, C = BOD concentration in the stream (mg/L), [14] is used for estimating the re-aeration coefficient in Equations (7) and (8), while the decay coefficient in Equations (4)- (8) are determined using the following equation. 
where, u = cross sectional averaged longitudinal flow velocity (m/s) and h = the depth of flow (m). A number of factors affect dispersion in a river system and usually shear-flow dispersion is the dominant. In this study, it is assumed that flow is one dimensional where the longitudinal dispersion dominates. The dispersion coefficient in Equations (5) and (7) are estimated using the following equation proposed by Seo and Cheong [15, 16] .
where, B = width of the channel, and u * is the friction velocity (m/s), which is given by
The inputs for the transport simulation module consist of 1) initial conditions i.e. spatial variation of BOD and DO at time t = 0; 2) boundary conditions i.e. temporal variation of BOD and DO at the upstream and downstream ends; 3) pollutant loadings from point and non-point sources i.e., temporal variation of C l , C t , O l , and O t ; 4) values of system parameters such as k s1 , and α; 5) channel characteristics and (v) spatial and temporal variation in flow velocity and flow area, obtained from the solution of Equations (1) and (2). For the above mentioned inputs, Equations (4)- (7) are solved numerically to obtain spatial and temporal variations of BOD and DO.
The partial implicit-explicit method [17] is used for the discritization of the partial differential equations. In the discritization process, the transport equations for the dead zone and main stream system are decoupled. First the concentrations of BOD and DO at new time levels in the main stream system are determined, by using concentrations in the dead zone at the known time levels. Concentrations of BOD and DO at new time levels in the main stream system are then substituted in the storage zone transport equation to calculate the concentrations in the dead zone at new time level. At the upstream end, BOD and DO are specified whenever the flow is positive while they are interpolated from interior points when the flow is negative. Similarly, BOD and DO at the downstream end are interpolated from the interior points while they are equal to specified values when the flow is negative. In the present study, they are zero and O sat , respectively, assuming that the BOD in sea is zero owing to dilution. Although a simple boundary condition as described above is implemented at the ocean boundary in this work, it is not difficult to implement a more elaborate boundary condition as described by [18] . Period of adjustment is allowed by after the flow from ocean starts to flood the river and before the concentration at the mouth reaches the oceanic values.
Water quality simulation models are typically used for simulating the physical and biochemical processes governing water quality in the water bodies. However, simulation models only provide a detailed description of how systems respond to, or are affected by, planning and design solutions, or sets of solutions. Prescription of optimal strategies requires formulation and solution of optimization models [5] . The optimization model used in the present study is described in the following section.
Optimization Model
The main objective of the present study is to develop a management model for maintaining water quality in a tidal river, by utilizing the releases from an upstream environmental reservoir, for given pollution loading and tidal variation. The optimal operation policy for releases is obtained as a solution of an optimization model. Since water quality is more important in dry periods than in wet periods, the explicit objective of operation is to minimize the total release volume so that water that saved in the environmental reservoir can be used for some other beneficial purpose. The single objective management model formulated in this study considers the objective of minimizing the summation of releases during the operation period, subject to the constraint of maintaining the water quality i.e. the DO concentration above a minimum specified value at all the checking locations in the river. In this study, a simulation-optimization framework is adopted, wherein the simulation model is externally linked to the optimization model and therefore, the number of decision variables is not large. Thus the constraint on DO is incorporated through the externally linked water quality simulation model. The decision variables are the rates of releases and the time durations for which the corresponding releases are maintained. Each day is divided into "M" number of segments of duration. The duration of any segment k (T k ) and the release during that duration (Q Rel,k ) are the decision variables. The transient water quality management model can be mathematically represented as:
It may be noted here that the time horizon for management is taken as three days in all the illustrations in the present study. Each day is divided into M time periods, and the pattern of T k and corresponding Q Rel,k on the first day are repeated on the following two days. A time horizon of three days is considered so that the effect of cyclic nature of tidal boundary is incorporated.  Simulation constraint. The temporal and spatial variations in the concentrations of BOD and DO in the river depend upon the releases from the upstream environment reservoir. The functional relationship between these variables is specified as a binding equality constraint through the externally linked numerical water quality simulation model:
where, is the concentration vector, which includes both BOD and DO, C  Rel is the release vector, and is the time duration vector corresponding to releases.
 Water quality constraint. The concentration of DO at any location j at any time t is more than the minimum required as per standards, DO std :
 Reservoir release constraint: The release from the reservoir at any time should not be more than a maximum value, Q max and less than a minimum value, Q min which are determined by the channel characteristics.
The above optimization model for water quality man-agement in the river is solved using a suitable non-linear optimization technique. Simulated Annealing (SA) technique is used for solving the single-objective non-linear optimization model.
Solution Methodology
A simulation-optimization framework is used in this study for solving the management problem. The simulation model used in this study is the transport and fate numerical hydrodynamic water quality simulation model, described by Equations (1)- (12) . This simulation model is linked to the SA based optimization model. In the linked simulation-optimization approach, the water quality simulation constraint (Equation (14)) is actually satisfied by numerically solving the water quality simulation model comprising Equations (1)- (12), linked to the optimization model. The adopted solution methodology is presented schematically in Figure 1 . SA is a generic probabilistic metaheuristic algorithm, developed by [19] to solve global optimization problems, namely to locate a good approximation to the global minimum of a given function in a large search space. In this method, a configuration consists of a combination of decision variables, and each decision variable in a combination can only take a discrete value from a set of possible values, specified by the user. Each iteration in the algorithm consists of 1) generation of a random configuration (trial point) within the specified space through perturbation; 2) using the water quality simulator to determine the state variables; and 3) evaluation of the objective function and constraints. To begin with, the decision variables are initialized by the user, and an initial objective function value is computed. The same values of decision variables are used by the simulation model to evaluate the constraints. The decision variables are then perturbed in the neighborhood and a new configuration is generated. The objective function value and the constraints corresponding to this new configuration are evaluated, once again using the simulator. The current configuration is rejected if it results in constraint violation, a new configuration is generated, and the process is repeated. If the current configuration does not result in constraint violation, and the corresponding objective function value is better than the previous best record, then the current configuration is accepted and the record for best value is updated. A new configuration is then generated, and the process is repeated. If the current configuration does not result in constraint violation, but the corresponding objective function value is worse than the best value available so far, then the acceptance or rejection of the current configuration is decided based on Metropolis criterion and a parameter known as "temperature", T. Once the decision regarding acceptance or rejection is taken, a new configuration is again generated, and the process is repeated. Metropolis criterion for the acceptance or rejection of uphill moves is implemented by first generating a random deviate, which is uniformly distributed on the interval (0, 1). The worse or "uphill" move is accepted if this random deviate is smaller than the acceptance probability. The probability of acceptance is given by
, where ∆E = difference in objective function values corresponding to the current and previous best configurations. The initial value of temperature T is taken large so that a large percentage of uphill moves are also accepted in the initial stages. In the course of iterations, the value of T is progressively lowered so that the acceptance probability of uphill moves in the final stages of iterations is almost equal to zero. The entire iteration process is terminated after a fairly large number of iterations. The allowance for "uphill" moves in the initial stages saves the method from getting stuck at local minima.
Validation of the Simulation Model
the upstream end obtained analytically [20] and numerically, are compared in Figure 2 . It can be observed from this figure that the performance of the flow model used in the simulation process is satisfactory. There is only a slight attenuation of the peak flow due to numerical diffusion errors.
stream water quality response for given pollution loading and in stream flow conditions. In this work, different components of adapted water quality simulation model are validated using bench mark solutions available in literature. Although the focus of this study is on optimal management of water quality, a few validation results for flow simulation module are presented here for the sake of completeness. The flow simulation module is validated for a transient flow condition, while the transport and transformation module is validated for a non conservative pollutant i.e., BOD and DO in a single reach of the channel.
Contaminant Transport Model
Transport module is validated for two different pollutant loading cases adopted from literature [21] [22] [23] and [4] . These loading cases correspond to: time varying loading of BOD and DO at the upstream boundary (Validation Example-2).
Flow Model Validation Example-2
The adapted flow simulation module is validated for transient flow conditions using the data provided by [20] for an example problem.
The ability of the adapted model to simulate the effect of the temporal variation of DO and BOD at the upstream end on the spatial and temporal variation of DO and BOD in the river is tested. In this example problem, a sinusoidal variation in the concentrations of DO is specified as the upstream boundary condition, while zero gradient condition in concentrations is specified at the Validation Example-1 In this example, the flow at the upstream boundary increases linearly from 224 m 3 /s -710 m 3 /s over a period of 20 minutes. Then it decreases linearly back to its original value over the next 40 minutes, and then remain constant. A uniform flow condition is imposed at the downstream boundary. The time step used in the simulation is 15 seconds. The hydrodynamic data for this example are presented in Table 1 . downstream boundary. The upstream boundary conditions are given by: DO (0, t) = 8.5 + 3.5cos (2πt) in mg/L, where t = 0 at noon and it is in days. Concentrations of DO all along the channel at time t = 0 are zero. The kinetic reaction constants and solute characteristics are given as k 1 = 0.25/day, k R = 2/day, and DO sat = 9.5 mg/L, C l = 5.0 mg/(L·day). Other input data for flow conditions are presented in Table 2 . The simulated variations in DO with distance at 6:00 PM and 6:00 AM after ten days are compared with analytical solutions given by [22] . This is presented in Figures 3 and 4 , respectively. It can be observed from these figures that, as in the case of constant loading, numerically simulated DO variations matched satisfactorily with analytical solutions. Thus it can be concluded that the adapted simulation model can be satisfactorily utilized for predicting water quality response of a river to imposed flow and pollutant loading conditions.
Illustrative Application of the Management Model
The management model developed in this study is applicable for the water quality management in tidal rivers subjected to a given pollutant loading. Illustrative appli- Table 2 . Input data for validation example-2 [22] . JWARP cations of management model presented in this study are intended to test the feasibility, applicability and evaluation of the methodology under representative conditions and for the case of Adyar River in Chennai, India. It may be mentioned that discussions presented in this section are subject to the limitations and assumptions in the simulation model.
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Description of the Study AREA
A hypothetical data set representing a tidal channel is used to illustrate various example applications of the proposed management model. The hypothetical system considers a 15 km long channel, with an environmental reservoir at the upstream end, releases, which are used for maintaining the water quality in the river. The geometric and flow data for this illustrative channel are as presented in Table 3 . The channel is subjected to a sinusoidal tidal variation at its mouth (downstream end). This channel is subjected to a point pollution loading at a distance of 5.0 km from the upstream end of the river, with the rate of BOD loading ranging from 1500 mg/L to 4500 mg/L at a pollutant discharging rate of 1 m 3 /s, for different cases. The initial (at t = 0) BOD concentrations along the full stretch of the river are considered to be zero, while the DO concentration is its saturated value (9.2 mg/L). The kinetic reaction constants (k R and k 1 ) and the dispersion coefficients are given as a function of the flow parameters by Equations (9)- (11) .
The illustrative example problem is solved for the case of Adyar River as well. Adyar River originates near the Chembarambakkam Lake in Chengalaputta district, which is about 15 km west of Tambaram near Chennai. It is one of the two rivers, which winds through Chennai (Madras), capital city of Tamil Nadu in South India. It covers about 12.2 km within basin area of Chennai limits. It joins the Bay of Bengal at the Adyar Estuary (13˚0′47″N, 80˚16′37″E) Figure 5 . Despite the high pollution levels, boating and fishing take place in this river. Initial flow conditions in the channel cannot correspond to steady uniform flow conditions as the river is subjected to tidal variation in all the cases. Therefore, arbitrary flow data is prescribed at all the nodes in the channel at time t = 0, with correct inflow condition at the upstream end. The flow module is then used, along with the prescribed tidal variation at the downstream end, to evolve the flow conditions in the channel for at least three tidal cycles. During these computations, the inflow rate at the upstream end is kept constant. The evolved flow conditions after three tidal cycles are used as initial conditions for subsequent application of the management model in all the cases.
The annealing parameters were specified based on guidelines suggested by [8] and [23] while applying the simulated annealing optimization algorithm. Extensive numerical experimentation was carried out to choose appropriate values of 1) the initial temperature; 2) number of temperature reductions; 3) maximum number of iteration within each temperature and 4) the temperature reduction factor. In this work, the initial temperature is 5, the number of temperature reductions is 20, the chain length (number of iteration for each temperature) is 100 and the temperature reduction factor is 0.8. The evolution of the optimization model solution using the SA algorithm for a typical problem is shown in Figure 6 . It is assumed that the termination criterion is met if four or more successive temperature reductions did not yield any improvement in the solution. In this work the significance of tidal effect on water quality management in a tidal river is illustrated first by using a hypothetical river system and then the management model is applied to Adyar River in Chennai India.
Effect of Tidal Flow
To understand the effect of tidal variation on the maintenance of river water quality, twelve runs are made for the hypothetical river system using the proposed simulation-optimization model. The management model is used for determining the minimum constant upstream flow rate that is required to maintain the DO value in the river above a minimum specified value (5.0 mg/L). In each case, the BOD loading rate at the pollution discharge point is kept time invariant, while it ranged from 1500 mg/L to 4500 mg/L for different cases. Numerical experiments are carried out for two different conditions: 1) tidal variation at the downstream end; and 2) constant flow depth at the downstream end, in order to illustrate the effect of tidal variation on water quality management. The minimum constant upstream release that is required to maintain the river water quality as a function of pollutant loading rate is presented in Figure 7 , for both the cases of constant depth (non-tidal) and tidal boundary conditions at the downstream end. It can be observed from Figure 7 , the minimum upstream flow required for water quality maintenance is lesser in the case of a river with tidal boundary as compared to the case of same river with a constant depth downstream boundary condition. The tidal ingress of relatively fresh water from sea during the high tide reduces the need for upstream release for same standard of water quality and pollutant loading scenarios as compared to that for non tidal condition. The reduction in the required minimum upstream release due to tidal effect increases with the pollution loading rate. For the particular case studied here, the reduction in the requirement of minimum in stream flow, ranges from 15% to 19% for the cases of a pollution loading rate of 1500 mg/L to 4500 mg/L. This reduction in the requirement of water for maintaining the water quality leads to increased availability of water for other purposes such as drinking water supply and irrigation. It can also be observed from The optimization problem solved in the above cases involves only a single decision variable (single upstream flow rate), and the solutions for these cases can be easily obtained through enumeration. This helps in evaluating the performance of the SA technique used in the management model. It is found in the present study that the solutions determined using the enumeration technique coincided with those obtained using the SA technique for optimization, thus indicating a satisfactory performance of the optimization module of the water quality management model. It may be noted that enumeration technique can be used only for simple cases, and the use of proposed management model with SA technique becomes essential for complex cases, where the release from the upstream environmental reservoir can vary with time.
Optimal Time Varying Release
Earlier studies on tidal rivers [11] have indicated how the effluent discharge can be varied with time, to match with the tidal cycle, in order to maintain acceptable water quality in tidal water systems. Significantly lower contaminant concentrations in the river were obtained by varying effluent discharge into the river system in accordance with the absolute flow rate. Similarly, for a given time invariant pollutant loading and tidal variation, it may be possible to vary the upstream flow rate with time, with the objective of minimizing the total release volume over a management period, while maintaining the river water quality standards. This is demonstrated in this section by solving the optimization problem wherein a day hrs for all k = 1 to 4), with upstream flow rate being different during each time period. As mentioned earlier, total management period is three days, with the daily inflow pattern being same on all the three days. Thus, this optimization problem involves four decision variables, Q rel,k , for k = 1 to 4. Other data concerning the channel geometry, tidal variation, and pollutant characteristics are the same as given earlier. Numerical runs for optimal release pattern are carried out for five different pollutant loading rates: 1500, 2000, 2500, 3500 and 4500 mg/L. Table 4 shows the optimal release pattern obtained using the management model developed in this study for both tidal and non tidal flow scenarios. As described in the earlier section, this problem is also solved assuming that the rate of upstream release is constant throughout the day. The total volume of water released from the upstream reservoir to maintain the water quality over a period of three days, obtained for the case of constant upstream release is compared with that obtained for the case of varying upstream release. It can be observed from Figure 8 that water required for maintaining the river water quality can be reduced by temporally varying the upstream releases to match with the tidal variation at the downstream end. For example, it is required to release 78 Mm 3 of water in three days in order to keep the DO levels in the river above the minimum value of 5.0 mg/L if the upstream release is kept constant throughout, and the BOD loading rate is 3500 mg/L. On the other hand, it is required to release only 76 Mm 3 of water when the upstream releases are varied temporally. The volume of water saved by resorting to time varying release pattern shows an increasing trend as the rate of pollution loading increases (Figure 8) . It can also be observed from Table 4 that, as expected, the temporal variation in when the downstream condition corresponds to a nontidal boundary. Consequently, for the case of non-tidal boundary condition, the difference between optimal total release volumes obtained 1) assuming temporal variation in release rates; and 2) assuming constant release rate, is insignificant (Figure 8) .
It may be possible to achieve further savings in use of water for dilution by increasing the number of release intervals i.e., by increasing M in the management model. This aspect is evaluated by making five different numerical runs of the management model with M = 1, 2, 4 and 6 and 8, for two pollutant loading rates of 1500 mg/L and 2000 mg/L. Figure 9 shows the optimal upstream release volume obtained as a function of the number of time intervals (in a day) for varying the upstream release. It can be observed from Figure 9 that the total amount of water required for maintaining water quality over the 
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An attem made to use the single objective optimizaanagem the number of release intervals M increases. This indicates that water can be saved by reducing the rate of upstream release more frequently, depending on the tidal level. Higher release rates are required only during the low tide.
In all the cases discussed so far, T r which a particular rate of release is maintained) is a constant for all k and is equal to 24/M hours. It is tested here whether it is possible to obtain a better optimal solution if T k s are also considered as decision variables. In the example problem illustrated here, it is assumed that the day is divided into four (M = 4) unequal intervals and the rate of release is different during each of these intervals. The number of decision variables is eight in the optimization problem. This problem is solved for two pollutant loading rates of 1500 mg/L and 4500 mg/L, and the results are presented in Table 5 . It can be observed from Tables 4 and 5 that there is a further marginal improvement in optimal results i.e. minimization of water required for maintaining the water quality by taking the time interval also as a decision variable. [24] , which is -6.02 m 3 /s to -29.8 m 3 /s. The peak discharge is about, 200 m 3 /s, which is 7 to 33 times more than the annual average during the North East monsoon season between Septembers to December. The river is sub divided into three segments based on their overall concentration ranges of dissolved gases and inorganic nutrients ( Table 6 ). In this work we considered lower basin, where the BOD loading is high and the DO is worst. During low flow periods (February and August) the development of a sand bar across the mouth of the estuary due to monsoon-driven long shore drift typically reduces the tidal range from -0.6 m to -0.2 m [25] . This explains that the dissolved O 2 in the lower catchments and estuary must be replenished mainly via air-sea gas exchange and the importance of the tidal flow.
Optimal Upstream Reservoir Release
Several management strategies are suggested to of 5 mg ming the cre of an up reseroir in the future, and based on the total estimated sew-/L, assu ation stream v age effluent discharged into the river and the capacity of existing treatment plant. The first option is to operate the existing sewage treatment as it is now and use an upstream reservoir release for dilution. The second is to treat the entire sewage discharged in to the river system to 50%, 75% and 97% removal of BOD, and then use upstream reservoir releases. In these options, it is assumed that a constant rate of upstream release is maintained, and the interest is to determine the minimum rate of upstream release that is required. The respective optimal upstream reservoir releases to meet a DO standard of 5 mg/L in the Adyar River under a given treatment level of the sewage effluent are presented in Figure 10 . In the first scenario, an upstream release of 116 m 3 /s is required to maintain the river water quality, compared to the existing 10 m 3 /s lean flow rate. This means an extra 106 m 3 /s of release from upstream reservoir needs to be obtained. On the other hand, if all the sewage is treated for 97% of BOD removal, one would require only 82 m 3 /s of in-stream flow. If we reduce the effluent concentration to its 75% and 50% of raw strength, we need 78 m 3 /s and 84 m 3 /s extra upstream environmental releases to maintain the stream water quality to 5 mg/L, respectively. The simulated DO profile plots for the respective cases of treatment are presented in Figure 11 . The DO levels in all the cases are above the minimum DO standard specified to be maintained in this work. 
. Sum ary
In this study, a simulation-optimization model is proposed for the management of water quality in a tidal river using releases of water from an upstream environmental reservoir. In the proposed management model, a complete hydrodynamic model for transport of BOD and DO in a tidal river is linked to Simulated Annealing (SA) algorithm for optimization in a simulation-optimization framework. The boundary conditions correspond to a temporally varying water releases at upstream end and temporally varying water level at the downstream end. The performance of the proposed methodology is evalu at 5 m -ed for an illustrative river and for Adyar River in
Application of the management model Chennai, India. has shown that significantly less amount of upstream water release is required to maintain the DO standard in a tidal river as compared to that in a corresponding non-tidal river. It is demonstrated that it is possible to reduce the amount of water released to maintain the water quality by resorting to a time varying release policy, wherein the rate of upstream release is different during different time durations, in accordance with the tidal levels. It is found that more savings in water can be achieved by allowing for more changes in the rate of upstream release during a day. The proposed model will be helpful in arriving at best water release policy for maintaining water quality in tidal rivers for given tidal variation and pollutant loading. The results presented here are meant only for illustrative purpose. They do not establish the range of validity of the management model. Copyright © 2012 SciRes. JWARP Also, the applicability of the proposed methodology is limited by the assumptions on which the simulator is based. The simulation model should be modified to take into account the effect of spatially and temporally v ing salinity on the mixing process for the contaminan
